Abstract. Although bone mineral density (BMD) is a complex trait that is influenced by both genetic and environmental factors, heritability studies in twins and families have shown that genetic factors account for 60-85% of the variance in BMD. We examined the relations of six candidate gene polymorphisms to BMD in community-dwelling women and men. The 2238 subjects (1110 women, 1128 men) were aged 40-79 years and were randomly recruited to a population-based prospective cohort study of aging and age-related diseases in Japan. BMD at the distal and proximal radius was measured by peripheral quantitative computed tomography, and BMD for the total body, lumbar spine (L2-L4), right femoral neck, and right trochanter was measured by dual-energy X-ray absorptiometry. Genotypes for the 1019C→T (Pro319Ser) polymorphism of GJA4 and the 1462A→G (Lys469Glu) polymorphism of ICAM1 were determined with a fluorescencebased allele-specific DNA primer assay system, and those for the 386G→A (Ala99Thr) polymorphism of PLOD1, the A→G polymorphism of CNR2, the 1583G→A (Arg528Lys) polymorphism of ALAP, and the -514C→T polymorphism of LIPC were determined by melting curve analysis. The polymorphisms of ALAP and PLOD1 were associated with BMD in premenopausal women; those of ICAM1 and LIPC with BMD in postmenopausal women; that of CNR2 with BMD in premenopausal and postmenopausal women; and that of GJA4 with BMD in men. Among these polymorphisms, those of ICAM1, CNR2, and GJA4 were markedly associated with BMD. These results suggest that ALAP, PLOD1, ICAM1, LIPC, and CNR2 are susceptibility loci for reduced bone mass in Japanese women and that GJA4 constitutes such a locus in Japanese men. The polymorphisms of ICAM1 and CNR2 may confer susceptibility to postmenopausal osteoporosis in women, and that of GJA4 to osteoporosis in men.
Introduction
Osteoporosis, a major health problem of the elderly, is characterized by a reduction in bone mineral density (BMD) and a deterioration in the microarchitecture of bone, both of which result in predisposition to fractures (1) . Although reproductive, nutritional, and lifestyle factors influence BMD, family and twin studies have suggested that BMD is largely (60-85%) heritable and under the control of multiple genes (2) (3) (4) . Personalized prevention of osteoporosis and osteoporotic fractures is an important public health goal, for which one approach is to identify disease susceptibility genes. Although genetic linkage analyses (5-7) and candidate gene association studies (7) (8) (9) (10) have implicated various loci and genes in predisposition to osteoporosis or fractures, the genes that confer susceptibility to this disease remain to be identified definitively. In addition, because of ethnic differences in gene polymorphisms as well as in lifestyle and other environmental factors, it is important to examine polymorphisms related to BMD in each ethnic group.
We have been attempting to identify genes significantly associated with BMD in Japanese women or men with a population-based approach. In the present study, we selected six candidate genes that might be expected to contribute to bone remodeling (Table I ) and examined the relations of polymorphisms of these genes to BMD, even though there is no apparent biological link among these genes. Our aim was to identify a single polymorphism significantly associated with BMD for each gene. Among several polymorphisms previously identified, we selected those that might be expected to affect gene function. We thus examined the relations of these polymorphisms to BMD in community-dwelling Japanese women and men.
Materials and methods
Study population. The National Institute for Longevity Sciences -Longitudinal Study of Aging is a population-based prospective cohort study of aging and age-related diseases, the details of which have been described previously (11) (12) (13) (14) (15) . Individuals with disorders known to cause abnormalities of bone metabolism, including diabetes mellitus, chronic renal failure, rheumatoid arthritis, as well as thyroid, parathyroid, adrenal, and other endocrine diseases, or those who had taken drugs that affect bone metabolism, such as estrogen, glucocorticoids, bisphosphonates, and vitamin D, were excluded from the present study. We thus examined the relations of gene polymorphisms to BMD in 2238 individuals (1110 women and 1128 men). Individuals whose genotypes were not successfully determined were also excluded from the analysis. In addition, to uncover potential differences between women according to menopausal status, we conducted all analyses for premenopausal and postmenopausal women separately. Menopausal status was evaluated with a detailed questionnaire, and menopause was defined as complete cessation of menstruation. Because of their small number (n=19), perimenopausal women were excluded from this analysis. The study protocol complied with the Declaration of Helsinki and was approved by the Committee on Ethics of Human Research of the National Institute for Longevity Sciences. Written informed consent was obtained from each subject.
Measurement of BMD.
BMD at the radius was measured by peripheral quantitative computed tomography (pQCT) with a Desiscan 1000 instrument (Scanco Medical, Bassersdorf, Switzerland) and was expressed as D50 (BMD for the inner 50% of the cross-sectional area of the distal radius, comprising mostly cancellous bone), D100 (BMD for the entire crosssectional area of the distal radius, including both cancellous and cortical bone), and P100 (BMD for the entire crosssectional area of the proximal radius, consisting mostly of cortical bone). BMD for the total body, lumbar spine (L2-L4), right femoral neck, and right trochanter was measured by dual-energy X-ray absorptiometry (DXA) with a QDR 4500 instrument (Hologic, Bedford, MA, USA). The coefficients of variation of the pQCT instrument for BMD values were 0.7% (D50), 1.0% (D100), and 0.6% (P100), and those of the DXA instrument were 0.9% (total body), 0.9% (L2-L4), 1.3% (femoral neck), and 1.0% (trochanter).
Determination of genotype.
Genotypes for polymorphisms of GJA4 and ICAM1 were determined with a fluorescencebased allele-specific DNA primer assay system (Toyobo Gene Analysis, Tsuruga, Japan) (16) . Primers and other conditions for genotyping are shown in Table II . The polymorphic region of each gene was amplified by the polymerase chain reaction (PCR) with allele-specific sense primers labeled at the 5' end with either fluorescein isothiocyanate (FITC) or Texas red and with an antisense primer labeled at the 5' end with biotin. The reaction mixture (25 μl) contained 20 ng of DNA, 5 pmol of each primer, 0.2 mmol/l of each deoxynucleoside triphosphate, 2.5 or 4.5 mmol/l MgCl 2 , and 1 U of rTaq DNA polymerase (Toyobo, Osaka, Japan) in polymerase buffer. The amplification protocol comprised an initial denaturation at 95˚C for 5 min; 35 cycles of denaturation at 95˚C for 30 sec, annealing at 60˚C for 30 sec, and extension at 72˚C for 30 sec; and a final extension at 72˚C for 2 min. The amplified DNA was incubated with streptavidinconjugated magnetic beads in the wells of a 96-well plate at room temperature, and the plate was then placed on a magnetic stand. The supernatants from each well were transferred to the wells of a 96-well plate containing 0.01 mol/l NaOH and were measured for fluorescence with a microplate reader (Fluoroscan Ascent; Dainippon Pharmaceutical, Osaka, Japan) at excitation and emission wavelengths of 485 and 538 nm, respectively, for FITC; and of 584 and 612 nm, respectively, for Texas red.
Genotypes for polymorphisms of PLOD1, CNR2, ALAP, and LIPC were determined by melting curve analysis (intercalater-mediated fluorescence resonance energy transfer probe method). The polymorphic region of each gene was amplified by PCR (Table II) in a reaction mixture (25 μl) containing 20 ng of DNA, 5 pmol of each primer, 0.2 mmol/l of each deoxynucleoside triphosphate, 2 or 3 mmol/l MgCl 2 , and 1.25 U of rTaq DNA polymerase in polymerase buffer. The amplification protocol comprised an initial denaturation at 95˚C for 5 min; 45 or 50 cycles of denaturation at 95˚C for 30 sec, annealing at 65˚C for 30 sec, and extension at 72˚C for 30 sec; and a final extension at 72˚C for 2 min. A mixture (2 μl) of 10 pmol of probe and SYBR-Green was added to the PCR products, which were then transferred to a PRISM 7700 instrument (Applied Biosystems, Foster City, CA, USA) for measurement of melting temperature. The program for analytic melting comprised incubation at 95˚C for 30 sec, 40˚C for 1 min, and temperatures increasing to 80˚C over 10 min. The fluorescence signals were detected at excitation and emission wavelengths of 485 and 612 nm, respectively.
Statistical analysis. Data are presented as means ± SE. Statistical analysis was performed with SAS software (SAS Institute, Cary, NC, USA). Data were compared among three genotype groups by one-way analysis of variance and the Tukey-Kramer post hoc test, and between two groups (dominant or recessive model) by the unpaired Student's t-test. BMD values were compared among genotypes for each polymorphism with adjustment for age, height, and body weight by the least squares method in a general linear model. Allele frequencies were estimated by the gene-counting Table I. The six gene polymorphisms examined in the present study.  _____________________________________________________________________________________________________   Locus  Gene  Symbol  Polymorphism  dbSNP  ----------------------------------------------------------------------------------------------------------1p36.3-36.2 Procollagen-lysine, 
Results
Relation of the 386G→A (Ala99Thr) polymorphism of PLOD1 to BMD. The distribution of 386G→A genotypes of PLOD1 was in Hardy-Weinberg equilibrium, and age, height, and body weight did not differ among genotypes, for all women (Table III) or for premenopausal or postmenopausal women. Among all women, BMD for the femoral neck, with adjustment for age, height, and body weight, was greater in individuals with the GG genotype than in those with the GA genotype or in the combined group of GA and AA genotypes (Table III) . BMD for the trochanter was also greater in individuals with the GG genotype than in the combined group of GA and AA genotypes. The differences in BMD for - Table II . Primers, probes, and other PCR conditions for genotyping.
Sense primer with FITC Sense primer with Texas red
All primer and probe sequences are 5'→3'.
-
the femoral neck and trochanter between individuals with the GG genotype and the combined group of GA and AA genotypes (expressed as a percentage of the larger value) were 1.8 and 1.9%, respectively. For premenopausal women, BMD for the femoral neck and that for the trochanter were greater in individuals with the GG genotype than in the combined group of GA and AA genotypes (data not shown). For postmenopausal women or for men, there was no difference in BMD among PLOD1 genotypes (data not shown).
Relation of the A→G polymorphism of CNR2 to BMD. The distribution of A→G genotypes of CNR2 was in HardyWeinberg equilibrium, and age and height did not differ among genotypes, for all women (Table IV) . Body weight was greater in women with the AA genotype or the AG genotype or in the combined group of AA and AG genotypes than in women with the GG genotype. Among all women, BMD for D50 was greater in individuals with the AA genotype than in those with the AG genotype or the GG genotype or in the combined group of AG and GG genotypes (Table IV) . BMD for the total body and that for the lumbar spine were greater in individuals with the AA genotype or in the combined group of AA and AG genotypes than in women with the GG genotype. BMD for the lumbar spine was also greater in individuals with the AA genotype than in the combined group of AG and GG genotypes. The differences in BMD for D50, total body, and lumbar spine between individuals with the AA genotype and those with the GG genotype were 8.6, 2.0, and 3.4%, respectively. The distribution of A→G genotypes of CNR2 was in HardyWeinberg equilibrium in premenopausal (Table V) and postmenopausal (Table VI) women. Age, height, or body weight did not differ among genotypes for premenopausal or postmenopausal women. For premenopausal women, BMD for D50 was greater in individuals with the AA genotype than in those with the AG genotype or in the combined group of AG and GG genotypes (Table V) . BMD for the lumbar spine was also greater in individuals with the AA genotype than in the combined group of AG and GG genotypes. The differences in BMD for D50 and the lumbar spine between individuals with the AA genotype and the combined group of AG and GG genotypes were 6.4 and 2.7%, respectively.
For postmenopausal women, BMD for D50 was greater in individuals with the AA genotype or in the combined group of AA and AG genotypes than in individuals with the GG genotype, and was greater in individuals with the AA genotype than in the combined group of AG and GG genotypes (Table VI) . BMD for the total body and that for the trochanter were greater in the combined group of AA and AG genotypes than in individuals with the GG genotype. The difference in BMD for D50 between individuals with the AA genotype and those with the GG genotype was 10.1%, and those for the total body and trochanter between the combined group of AA and AG genotypes and individuals with the GG genotype were 2.1 and 2.8%, respectively.
For men, the distribution of A→G genotypes of CNR2 was in Hardy-Weinberg equilibrium, and BMD for the total body, femoral neck, or trochanter was greater in the combined group of AG and GG genotypes than in individuals with the AA genotype (data not shown).
Relation of the 1019C→T (Pro319Ser) polymorphism of GJA4 to BMD. The distribution of 1019C→T genotypes of GJA4 was in Hardy-Weinberg equilibrium, and BMD for the femoral neck was greater in individuals with the CT genotype or in the combined group of CT and TT genotypes than in individuals with the CC genotype, for all women and for postmenopausal women (data not shown). For premenopausal women, there was no difference in BMD among GJA4 genotypes (data not shown). 
The distribution of 1019C→T genotypes of GJA4 was in Hardy-Weinberg equilibrium, and age, height, or body weight did not differ among genotypes for men (Table VII) . BMD for the total body was greater in individuals with the CT genotype or in the combined group of CC and CT genotypes than in individuals with the TT genotype. BMD for the lumbar spine and that for the femoral neck were greater in individuals with the CC genotype or the CT genotype or in the combined group of CC and CT genotypes than in individuals with the TT genotype. BMD for the trochanter was also greater in the combined group of CC and CT genotypes than in individuals with the TT genotype. The differences in BMD for the total body, lumbar spine, femoral neck, and trochanter between the combined group of CC and CT genotypes and individuals with the TT genotype were 3.1, 8.3, 6.4, and 4.6%, respectively.
Relation of the 1583G→A (Arg528Lys) polymorphism of ALAP to BMD. The distribution of 1583G→A genotypes of ALAP was in Hardy-Weinberg equilibrium, and age, height, and body weight did not differ among genotypes, for all women, premenopausal women (Table VIII) , or postmenopausal women. For premenopausal women, BMD for the total body, femoral neck, or trochanter was greater in individuals with the GG genotype than in the combined group of GA and AA genotypes (Table VIII ). The differences in BMD for the total body, femoral neck, and trochanter between individuals with the GG genotype and the combined -
group of GA and AA genotypes were 2.4, 3.2, and 3.8%, respectively. There was no difference in BMD among ALAP genotypes for all women or postmenopausal women (data not shown). For men, the distribution of 1583G→A genotypes of ALAP was in Hardy-Weinberg equilibrium, and BMD for the femoral neck was greater in individuals with the GG genotype than in those with the GA genotype or in the combined group of GA and AA genotypes (data not shown).
Relation of the -514C→T polymorphism of LIPC to BMD. The distribution of -514C→T genotypes of LIPC was in HardyWeinberg equilibrium, and age, height, and body weight did not differ among genotypes, for all women (Table IX) , premenopausal women, or postmenopausal women (Table X) . For all women, BMD for D50 was greater in the combined group of CC and CT genotypes than in individuals with the TT genotype (Table IX) . BMD for the total body was greater in individuals with the CT genotype than in those with the CC genotype or the TT genotype, and was greater in the combined group of CC and CT genotypes than in individuals with the TT genotype. BMD for the trochanter was greater in individuals with the CT genotype or in the combined group of CC and CT genotypes than in individuals with the TT genotype. The differences in BMD for D50, total body, and trochanter between the combined group of CC and CT geno- Table VIII . BMD and other characteristics for premenopausal women (n=276) according to the ALAP genotype. 
CT CT + TT ----------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------------------------
a -----------------------------------------------------------------------------------------------------
-----------------------------------------------------------------------------------------------------
types and individuals with the TT genotype were 4.8, 1.2, and 2.1%, respectively. For postmenopausal women, BMD for D50 was greater in the combined group of CC and CT genotypes than in individuals with the TT genotype (Table X) . BMD for the total body was greater in individuals with the CT genotype than in those with the CC genotype or the TT genotype, and was greater in the combined group of CT and TT genotypes than in individuals with the CC genotype. The difference in BMD for D50 between the combined group of CC and CT genotypes and individuals with the TT genotype and that for the total body between the combined group of CT and TT genotypes and individuals with the CC genotype were 6.4 and 1.6%, respectively.
For premenopausal women or men, no relation was detected between LIPC genotype and BMD (data not shown).
Relation of the 1462A→G (Lys469Glu) polymorphism of ICAM1 to BMD.
The distribution of 1462A→G genotypes of ICAM1 was in Hardy-Weinberg equilibrium, and age and height did not differ among genotypes for all women (Table XI) , premenopausal women, or postmenopausal women (Table XII) . For all women and postmenopausal women, but not premenopausal women, body weight was greater in individuals with the GG genotype than in the combined group of AA and AG genotypes. For all women, BMD for D50 was greater in individuals with the GG genotype than in those with the AA genotype or in the combined group of AA and 
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AG genotypes, and was greater in the combined group of AG and GG genotypes than in individuals with the AA genotype (Table XI) . BMD for D100 was greater in individuals with the GG genotype than in those with the AA genotype or the AG genotype or in the combined group of AA and AG genotypes. The differences in BMD for D50 and D100 between individuals with the GG genotype and those with the AA genotype were 8.9 and 3.8%, respectively.
For postmenopausal women, BMD for D50 and that for the total body were greater in individuals with the GG genotype than in those with the AA genotype or in the combined group of AA and AG genotypes, and were greater in the combined group of AG and GG genotypes than in individuals with the AA genotype (Table XII) . BMD for D100 was greater in individuals with the GG genotype than in the combined group of AA and AG genotypes. BMD for the lumbar spine was greater in the combined group of AG and GG genotypes than in individuals with the AA genotype. BMD for the trochanter was greater in individuals with the GG genotype or in the combined group of AG and GG genotypes than in individuals with the AA genotype. The differences in BMD for D50, total body, and trochanter between individuals with the GG genotype and those with the AA genotype were 11.2, 2.8, and 3.6%, respectively. The difference in BMD for D100 Table XII . BMD and other characteristics for postmenopausal women (n=807) according to the ICAM1 genotype. 
between individuals with the GG genotype and the combined group of AA and AG genotypes and that for the lumbar spine between the combined group of AG and GG genotypes and individuals with the AA genotype were 4.4 and 2.5%, respectively. For premenopausal women, no relation was detected between ICAM1 genotype and BMD. For men, the distribution of A→G genotypes of ICAM1 was in Hardy-Weinberg equilibrium, and BMD for P100 was greater in the combined group of AA and AG genotypes than in individuals with the GG genotype (data not shown).
Discussion
We have examined the relations of six candidate gene polymorphisms to BMD at various sites in communitydwelling Japanese women and men. Our results showed that the polymorphisms of ALAP and PLOD1 were associated with BMD in premenopausal women; those of ICAM1 and LIPC with BMD in postmenopausal women; that of CNR2 with BMD in premenopausal and postmenopausal women; and that of GJA4 with BMD in men. Among these polymorphisms, those of ICAM1, CNR2, and GJA4 were markedly associated with BMD. These observations thus suggest that ALAP, PLOD1, ICAM1, LIPC, and CNR2 are susceptibility loci for reduced bone mass in Japanese women and that GJA4 constitutes such a locus in Japanese men. The polymorphisms of ICAM1 and CNR2 may confer susceptibility to postmenopausal osteoporosis in women, whereas that of GJA4 may confer susceptibility to osteoporosis in men.
Association of the 386G→A (Ala99Thr) polymorphism of PLOD1 with BMD. PLOD1 is located within a quantitative trait locus for regulation of BMD on chromosome 1p36 (17) and is a strong candidate gene for the regulation of BMD. PLOD1 encodes the enzyme procollagen-lysine, 2-oxoglutarate 5-dioxygenase, which catalyzes the hydroxylation of lysine residues during the posttranslational modification of type I collagen, the major protein of bone matrix. Tasker et al (18) detected an association between BMD for the lumbar spine and the 386G→A (Ala99Thr) polymorphism of PLOD1 in a population-based cohort of 678 Scottish women. Heterozygotes for this polymorphism had a reduced BMD and an increased hydroxylysylpyridinoline to lysylpyridinoline ratio compared with either group of homozygotes, suggesting a functional effect of this polymorphism on enzyme activity. Spotila et al (19) obtained evidence for an allelic association between a T→G polymorphism in intron 6 of PLOD1 and BMD for the lumbar spine. This polymorphism and the 386G→A (Ala99Thr) polymorphism were in complete linkage disequilibrium. We have now shown that the 386G→A (Ala99Thr) polymorphism of PLOD1 was associated with BMD for the femoral neck and trochanter for all women and premenopausal women, with the A allele being associated with reduced BMD. Our present results and the previous observations (18, 19) thus suggest that PLOD1 may be a susceptibility gene for reduced BMD in women.
Association of the A→G polymorphism of CNR2 with BMD.
Two cannabinoid receptors, CB1 and CB2, encoded by CNR1 and CNR2, respectively, are highly homologous, belong to the family of G protein-coupled seven-transmembrane domain receptors, and bind and are activated by endocannabinoids. CNR1 is expressed predominantly in the brain and peripheral neurons (20) , whereas CNR2 is expressed mainly in immune cells (21) . Mice with a targeted deletion of CNR1 have an increased bone mass (22) , whereas CNR2 knockout mice have a decreased bone mass resembling human osteoporosis (23) . These mouse genetic data implicate the endocannabinoid system in the regulation of bone mass. Furthermore, given that CNR2 is located at chromosomal region 1p36, which has been implicated in osteoporosis (17) , CNR2 is a strong candidate determinant of susceptibility to osteoporosis. Karsak et al (24) detected an association of single polymorphisms and haplotypes encompassing CNR2 on chromosome 1p36 with osteoporosis. We have now shown that the A→G polymorphism of CNR2 was associated with BMD for the distal radius, total body, and lumbar spine in all women, with BMD for the distal radius and lumbar spine in premenopausal women, and with BMD for the distal radius, total body, and trochanter in postmenopausal women, with the G allele being related to reduced BMD. Our present results and the previous association study (24) , as well as the observations with CB2-deficient mice (23) , thus suggest that CNR2 is a susceptibility gene for reduced BMD in women.
Association of the 1019C→T (Pro319Ser) polymorphism of GJA4 with BMD. Gap junction protein, ·-4 (connexin37) is a gap junction protein in the arterial endothelium and contributes to the growth and regeneration after injury of endothelial cells (25) . It forms functional intercellular channels with a voltage dependence and unitary conductance properties that are distinct from those of other channels (26) . The 1019C→T (Pro319Ser) polymorphism of GJA4 was previously associated with myocardial infarction (16) and coronary heart disease (27) , with the T allele representing a risk factor for these conditions. Wong et al (28) recently showed that GJA4 protects against excessive monocyte recruitment in atherosclerosis, revealing an anti-inflammatory role for this protein in vivo. These researchers also showed that mononuclear cells expressing the 1019T (Ser319) allele of the GJA4 polymorphism exhibited stronger adhesion than those expressing the 1019C (Pro319) allele, consistent with the observations that the 1019T (Ser319) allele is associated with an increased risk of myocardial infarction (16) and coronary heart disease (27) . The anti-adhesive effect of GJA4 was shown to be mediated by release of ATP into the extracellular space. GJA4 hemichannels may thus control initiation of the development of atherosclerotic plaques by regulating monocyte adhesion (28) . We have now shown that the 1019C→T (Pro319Ser) polymorphism of GJA4 was associated with BMD for the total body, lumbar spine, femoral neck, and trochanter in men, with the T allele being associated with reduced BMD. This is the first demonstration of an association of GJA4 with BMD, although the underlying molecular mechanism of the effect of this polymorphism on bone remodeling remains to be elucidated.
Association of the 1583G→A (Arg528Lys) polymorphism of ALAP with BMD. Adipocyte-derived leucine aminopeptidase (ALAP) has been identified as a member of the M1 family of zinc-dependent metallopeptidases (29) . ALAP was shown to catalyze the hydrolysis of a variety of bioactive peptides in vitro and to play a role in the regulation of blood pressure through inactivation of angiotensin II and generation of bradykinin (29) . The 1583G→A (Arg528Lys) polymorphism of ALAP was associated with essential hypertension, with the 1583G (Arg528) allele representing a risk factor for this condition (30) . We have now shown that the 1583G→A (Arg528Lys) polymorphism of ALAP was associated with BMD for the total body, femoral neck, and trochanter in premenopausal women, with the A allele being associated with reduced BMD. The molecular mechanism responsible for the effect of this polymorphism on bone remodeling remains to be determined.
Association of the -514C→T polymorphism of LIPC with BMD. Hepatic lipase (LIPC), a glycoprotein member of the lipase superfamily, plays an important role in the metabolism and modeling of both pro-and anti-atherogenic lipoproteins. Synthesized and secreted by the liver, LIPC performs several metabolic functions, including hydrolysis of triglycerides and phospholipids, modeling of certain low-density lipoprotein (LDL)-cholesterol particles, and catabolism of high-density lipoprotein (HDL) cholesterol (31) . The -514C→T polymorphism of LIPC, which is located in the promoter region, has been shown to affect LIPC activity, with activity being decreased in carriers of the T allele (32, 33) . This polymorphism was also shown to have a significant effect on the plasma level of HDL cholesterol, with the T allele being associated with increased levels (34, 35) . A meta-analysis of 25 studies, including a total of >24,000 subjects, revealed significant decreases in plasma LIPC activity and increases in HDL-cholesterol levels in individuals with the CT and those with the TT genotype compared with those with the CC genotype of the -514C→T polymorphism (36) . We have now shown that this polymorphism was associated with BMD for the distal radius, total body, and trochanter in all women and with BMD for the distal radius and total body in postmenopausal women, with the CT genotype being associated with increased BMD. The mechanisms responsible for the associations of the CT genotype both with increased plasma concentrations of HDL (36) and with increased bone mass in women (the present study) remain to be elucidated.
Association of the 1462A→G (Lys469Glu) polymorphism of ICAM1 with BMD.
Interactions between osteoblasts and osteoclasts are important in osteoclastogenesis, and multiple adhesion molecules, including intercellular adhesion molecule 1 (ICAM1 or CD54) (37, 38) , are expressed on the osteoblast surface. Studies of osteoclastogenesis in coculture systems of osteoblasts and preosteoclastic cells have revealed that inhibition of the cellular interactions mediated through ICAM1 with the use of specific monoclonal antibodies inhibited osteoclast formation (38, 39) . These studies thus demonstrated a pivotal role for ICAM1-expressing osteoblasts in the differentiation of osteoclast precursor cells into mature osteoclasts, resulting in a shift in bone homeostasis toward resorption. Indeed, the expression of ICAM1 in osteoblasts was shown to be increased in osteoporotic bone (40) . The 1462A→G (Lys469Glu) polymorphism of ICAM1, which is located in a region of the gene corresponding to an immunodominant epitope involved in integrin-mediated B cell adhesion and neutrophil transmigration, has been associated with a variety of proinflammatory phenotypes including transplant rejection and vasculopathy (41) as well as postoperative myocardial infarction (42) . We have now shown that this polymorphism of ICAM1 was associated with BMD for the distal radius in all women, and with BMD for the distal radius, total body, lumbar spine, and trochanter in postmenopausal women, with the A allele being associated with reduced BMD. The association of the 1462A→G (Lys469Glu) polymorphism with BMD may be attributed to the effect of this polymorphism on osteoclastogenesis and consequent bone resorption.
Limitations of the study. Given the multiple comparisons of genotypes with BMD at various sites in the present study, it is not possible to exclude potential type I errors (false positives). It is also possible that the polymorphisms associated with reduced BMD in our study were in linkage disequilibrium with other polymorphisms in the same gene or polymorphisms of nearby genes that are actually responsible for the development of this condition. Furthermore, the relevance of the polymorphisms to gene transcription or to protein structure or function and their effects on bone remodeling were not determined in the present study.
In conclusion, our present results suggest that ALAP, PLOD1, ICAM1, LIPC, and CNR2 are susceptibility loci for reduced BMD in Japanese women and that GJA4 constitutes such a locus in Japanese men. The polymorphisms of ICAM1 and CNR2 may confer susceptibility to postmenopausal osteoporosis in women, and that of GJA4 to osteoporosis in men. Determination of genotypes for these polymorphisms may prove informative for assessment of the genetic risk for reduced BMD. Given that multiple variants, each having a small effect, will likely ultimately be found to be responsible for a large fraction of the genetic component of osteoporosis, identification of additional osteoporosis susceptibility genes will allow more accurate assessment of the genetic component of this condition.
